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ABSTRACT Neuroglobin (Ngb) is a monomeric protein that, despite the small sequence similarity with other globins, displays
the typical globin fold. In the absence of exogenous ligands, the ferric and the ferrous forms of Ngb are both hexacoordinated to
the distal and proximal histidines. In the ferrous form, oxygen, nitric oxide or carbon monoxide can displace the distal histidine,
yielding a reversible adduct. Crystallographic data show that the binding of an exogenous ligand is associated to structural
changes involving heme sliding and a topological reorganization of the internal cavities. Molecular dynamics (MD) simulations in
solution show that the heme oscillates between two positions, much as the ones observed in the crystal structure, although the
occupancy is different. The simulations also suggest that ligand binding in solution can affect the ﬂexibility and conformation of
residues connecting the C and D helices, referred to as the CD corner, which is coupled to the conﬁguration adopted by the
distal histidine. In this study, we report the results of 30 ns MD simulations of CO-bound Ngb in the crystal. Our goal was to
compare the protein dynamical behavior in the crystal with the results supplied by the previous MD simulation of CO-bound Ngb
in solution and the x-ray experimental data. The results show that the different environments (crystal or solution) affect the
dynamics of the heme group and of the CD corner.
INTRODUCTION
Neuroglobin (Ngb; Fig. 1) is a globular protein expressed in
the brain (1) that is composed of a single polypeptide and a
prosthetic group, the heme, which reversibly binds oxygen
and other diatomic ligands at the sixth coordination position.
In the absence of exogenous ligands, the ferric and the ferrous
forms of Ngb are both hexacoordinated to the distal His64(E7)
and to the proximal His96(F8) side chains (2–5). In the ferrous
form, binding of O2 or CO displaces the distal histidine, im-
plying competition between the exogenous ligand and His64
for the sixth coordination position on the heme.
The physiologic role of Ngb is still debated. Nevertheless,
studies have convincingly demonstrated thatNgb is involved in
the activation of a neuroprotectivemechanismagainst hypoxia-
ischemia (6–8). Although the exact biochemical mechanism
underlying such Ngb-mediated neuroprotection is still unclear,
it has been demonstrated that Ngb interacts with the Ga subunit
of the Gabg protein (9,10), acting as a guanine nucleotide dis-
sociation inhibitor. Studies recently showed that Ngb interacts
with theGa subunit via theCDcorner, a regioncomposedof the
CD loop and part of the adjacent C and D helices (11). More-
over, a molecular dynamics (MD) simulation in solution indi-
cated that the CD loop ﬂexibility in Ngb is related to the
dynamics of the distal site, in particular to the conﬁguration
assumed by the distal His64(E7) (12).
The three-dimensional structure was solved by x-ray dif-
fraction for the unliganded ferric Ngb from human andmouse
(3,5) and for the CO-bound ferrous Ngb (13). These crystal
structures do not account for any ﬂip/ﬂop motion of the CD
loop as detected by the MD simulations in solution. In addi-
tion, comparison of the crystallographic structure of ferric and
ferrous CO-bound Ngb (NgbCO) showed that binding of CO
is associated to structural changes involving a signiﬁcant heme
sliding and a topological reorganization of the internal cavi-
ties (5,13). Thus, it was suggested that the heme sliding may
underlie a new mechanism for ligand binding modulation
(13,14). Because the heme displacement within the frame of
the globin fold leaves the position of the distal histidine almost
unchanged, such a mechanism may control the binding ki-
netics of the exogenous ligand.
The above-described MD simulation of NgbCO in water
revealed a heme sliding that occurs over the time range of the
simulation (12). However, the simulation showed that the
conﬁguration of the heme in the NgbCO crystal structure is
slightly less stable in solution than in the crystal; conse-
quently, the heme preferentially populates another position
roughly corresponding to that observed when the heme is
bound to the distal histidine side chain. These discrepancies
between x-ray results and MD simulations may be due to the
different environments (crystal or solution) of the experi-
mental and computational studies. Given the likely functional
signiﬁcance of the heme sliding and CD corner motion, we
performed anMDsimulationofNgbCO in the crystal to clarify
the origin of these differences. Our results are in excellent
agreement with the x-ray data, showing that the differences
previously observed are due to the different environments.
METHODS
Initial coordinates were taken from the 1.7 A˚ resolution crystal structure of
the CO-boundmurine Ngb (Protein Data Bank (PDB) entry 1W92) (13). The
NgbCO crystal belonged to the R32 space group, which has the following
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rhombohedral unit cell parameters: a ¼ b ¼ 8.337 nm, c ¼ 11.098 nm, and
g ¼ 120 (13). The R32 crystal unit cell contains 18 symmetry-related
molecules; therefore, the starting coordinates of the crystal unit cell were
obtained by applying the R32 symmetry transformation.
The simulations were carried out with the Gromacs software package (15)
using the GROMOS96 force ﬁeld (16), version number 43A1; this software
was used previously for simulations of proteins in the crystal byWalser et al.
(17,18), who performed tests on its reliability. In addition, this force ﬁeld was
used in the MD simulations of the CO migration in myoglobin crystal and
provided structural and kinetic results that were in excellent agreement with
the experimental data (19).
Because the experimental crystal structure corresponded to pH 7.5, Glu
and Asp residues and the heme prosthetic groups were assumed to be de-
protonated, whereas Lys and Arg residues were assumed to be protonated.
The His side chains were modeled as nonprotonated.
The 18 proteins were hydrated by placing 1926 SPC water molecules (20)
at crystallographic sites and 10758 at noncrystallographic sites. A total of 90
Na1 counterions were added by replacing water molecules at the most
negative electrical potential to provide a neutral simulation box. The solvent
box was generated by two different solvent additions, each followed by a
solvent relaxation session. Such a procedure provided a homogenously dis-
tributed solvent outside the proteins, with a box density close to that in the
experimental crystal. The solvent was relaxed by energy minimization followed
by 50 ps MD at 300 K, whereas protein and CO atomic positions were re-
strained with a harmonic potential. The system was then energy minimized
without restraints, and its temperature brought to 293 K in a stepwise manner;
300 ps MD runs at 50, 100, 150, 200, 250, 293 K were carried out before
starting the production runs.
Simulations used for subsequent analysis were carried out at 293 K using
the isothermal temperature coupling (21) within a constant volume box and
using periodic boundary conditions. Initial velocities were taken randomly
from aMaxwell distribution. The bond lengths were constrained by using the
LINCS algorithm (22). A time step of 2 fs was used. The particle mesh Ewald
(PME) method (23) was used for the calculation of the long-range interac-
tions, with a grid spacing of 0.12 nm combined with a fourth-order B-spline
interpolation to compute the potential and forces between grid points. A
nonbonded pair list cutoff of 9 A˚was used for short-range interactions, and the
pair list was updated every ﬁve time steps. A single simulation of the R32
crystal cell was carried out, and 18 trajectories (each 30 ns in length) of
crystallized NgbCO were obtained.
RESULTS
During the MD simulation, the protein molecules were al-
lowed to translate and/or rotate. The results show that the center
of mass of each protein oscillates around a ﬁxed position with
a root mean-square ﬂuctuation ranging from 0.6 to 1.1 A˚. In
addition, the crystal structure maintains the R32 space group
symmetry.
The motion of the heme in the NgbCO crystal simulations
was monitored with the essential dynamics analysis (24),
which was performed on all heme atoms (with the exception
of the terminal propionic groups). To coherently compare so-
lution and crystal simulations, the eigenvectors used were
those obtained by essential dynamics analysis performed on
NgbCO in solution,which has been described previously (12).
We observed that the motion associated with the ﬁrst eigen-
vector was a rototranslational displacement in the direction
from D to B pyrrole rings and corresponded to the heme
sliding movement observed in a comparison of the experi-
mental crystal structures of NgbCO andmetNgb (5,13). Fig. 2
shows the heme position distribution along the ﬁrst eigen-
vector in the crystal (solid line) and in the solution (dashed
line). It is interesting to note that the two distributions are quite
different. In solution, the heme mainly occupies a position
characterized by positive values of the ﬁrst eigenvector pro-
jection that corresponds roughly to the heme position in the
metNgbwhen the heme is bound to the distal histidine (;0.13
nm). In the crystal, the distribution is characterized by two
maxima: 0.01 and 0.92 nm, respectively. The latter and
more populated conﬁguration almost corresponds to the po-
sition occupied by the heme in the experimental crystal
structure (0.72 nm).
FIGURE 2 Heme displacement distributions along its ﬁrst essential eigen-
vector in carboxy Ngb in the crystal (solid line) and in solution (dashed line).
The values corresponding to the experimental heme positions in carboxy
Ngb (0.72 nm) and metNgb (0.13 nm) in the crystal are indicated by
vertical bars. Note that, with a single value in the abscissa, the distribution
converges to a Dirac function.
FIGURE 1 Sample conﬁguration of NgbCO as extracted from MD sim-
ulations in solution. The heme, distal His64(E7) and proximal His96(F8) are
depicted by sticks. The CD corner, composed of helices C and D and the CD
loop, is highlighted.
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The free energy landscape of the heme displacement was
calculatedby thepotential ofmean forcemethod (25). InFig. 3,
the free energy landscape of the heme displacement in the
crystal is compared to that obtained by NgbCO simulation in
solution (12). The abscissa refers to a direction representing
the heme displacement by means of the heme-sliding mech-
anism (12). Fig. 3 also shows a destabilization of the positions
at 1.5–2.0 A˚,moving from solution to the crystal environment.
Furthermore, the position of the heme in the experimental
NgbCO crystal structure (0.3 A˚), which corresponds in so-
lution to an almost ﬂat region with a free energy value of;5
kJ/mol greater than the energy minimum, becomes the most
stable conﬁguration in the crystal, with a free energy value at
least;1 kJ/mol less than the other minimum, corresponding
to a relative occupancy of 60:40 at 293 K.
In Fig. 4, the distribution of the heme group in the essential
coordinate, representing the slidingmotion, is shown for each
molecule. The vertical lines represent the position in the
crystal structure and in the solution simulation described
previously (12).Most of the heme groups oscillate around one
of the two principal positions, whereas a few of them (tra-
jectories 1, 2, 12, and 17) oscillate between the two positions.
In the previous study of NgbCO simulation in solution
(12), the dynamical behavior of the CD corner was monitored
by the essential dynamics analysis, which demonstrated the
distribution of the projection of its trajectory onto the ﬁrst
essential eigenvector. The study byAnselmi et al. (12) showed
that, in solution, the CD loop ﬂipped between two conﬁgu-
rations whenever the distal histidine side chain had swung
toward the solvent. We observed a bimodal distribution when
distal histidine was in the open conﬁguration, whereas a
unimodal distribution was found with the histidine side chain
in the closed position (Fig. 5, upper panel). Such conﬁgu-
rations were conventionally labeled ‘‘a’’ and ‘‘b’’ and iden-
tiﬁed by the projection distributions centered at ;0.1 nm
and 0.5 nm, respectively. It is important to note that, in the
conﬁguration marked with ‘‘a’’, the CD corner is placed in an
inner position. This position corresponds to a distance bet-
ween the center of the CD loop (represented by Gly46 Ca) and
the heme plane (determined from the NgbCO crystal struc-
ture) of;1.2 A˚ under the plane. When the CD corner ﬂips in
the other conﬁguration marked with ‘‘b’’, such distance in-
creases up to;7.6 A˚ over the heme plane, and the CD corner
moves toward an outer position. Signiﬁcantly, the distance
between the CD loop center and the heme plane in the crystal
structure is ;2.4 A˚ over the plane. The analysis of the MD
simulation in the crystal showed that the distal histidine side
chain populates two conﬁgurations corresponding to the
‘‘closed’’ and ‘‘open’’ states characterized in the previous
study by Anselmi et al. (12). The CD loop, however, does not
ﬂip between the two distinct conﬁgurations ‘‘a’’ and ‘‘b’’, as
observed in solution when the histidine side chain is open.
Fig. 5 (bottom panel) shows the two distributions of the
projection onto the ﬁrst essential eigenvector corresponding
to the distal His64 closed (solid line) and open (dashed line)
conﬁgurations. These relatively broad distributions are char-
acterized by a single peak centered at ;0.2 nm and almost
correspond to the position occupied by the CD loop in the
experimental crystal structure.
To evaluate whether there was a symmetry-related protein
molecule with behavior resembling that observed in solution,
the CD corner motion for each trajectory was monitored with
essential dynamics analysis. In Fig. 6, the distribution of the
CD corner in the essential coordinate, representing the ﬂip-
ﬂopmotion observed in solution, is shown for each molecule.
The vertical lines represent the inner (a), outer (b), and crystal
(c) positions. Most of the loops are close to the crystal po-
sitions (trajectories 4, 5, 7, 9, 11, 13, 14, and 16), and some of
them populate the inner conﬁguration ‘‘a’’ (trajectories 1, 8,
15, 17, and 18). Moreover, in a few trajectories (2,3,6,12), the
CD corner oscillates between the two conﬁgurations with a
clear preference for the crystal position. It should be noted
that the CD corner steadily populates the outer conﬁguration
‘‘b’’ in none of the 18 trajectories, even though we can ob-
serve that it occasionally approaches such a position (that is,
in the trajectory 16).
The analysis of the intermolecular contacts involving the
CD corner residues shows that the CD loop is trapped by at
least three different arrays of short contacts (distance ,6 A˚)
FIGURE 3 Mean force with their standard deviations (upper panel) and
heme group free energy landscape (bottom panel) for carboxy Ngb in the
crystal (solid line) and in solution (dashed line). In brief, the method is based
on the choice of a direction and on the calculation of the mean force acting
on the heme center of mass along this direction. The mean force corresponds
to the free energy gradient.
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with residues of the contiguous proteins, as is shown in Table
1 and in Fig. 7. The three protein molecules involved in the
contacts with the CD loop are indicated with the capital letters
A, B, and C (Fig. 7); these correspond to symmetry trans-
formations (y, x y, z), (2/31 y, 1/31 x, 1/3 z), and (2/31
x y, 1/3 y, 1/3 z), respectively. Of importance is that the
results may be exactly extended to the other symmetry-related
protein molecules of the crystal unit cell, and they do not
depend on the choice of the reference protein. The CD corner
interacts with residues connecting the G andH helices and the
BC loop of protein ‘‘A’’, with the CD corner of protein ‘‘B’’,
and with the B and G helices of protein ‘‘C’’. The results
clearly show that the reduced mobility of the CD corner in the
crystal and the lack of the outer conﬁguration observed in
solution have to be ascribed to crystal packing contacts.
CONCLUSIONS
In this study, we have carried out an MD simulation of
NgbCO in the crystal. The purposewas to compare the protein
dynamical behavior in the crystal with the results obtained for
the same protein by a previousMD simulation in solution (12)
and with the x-ray experimental data (13). We have focused
mainly on the structural/dynamical modiﬁcations that occur
in the heme-sliding mechanism and in the CD corner ﬂuctu-
ations moving from solution to the crystal environment.
The free energy landscape, related to the translational
component of the heme sliding, is signiﬁcantly different in the
two environments. In fact, the heme position observed in the
experimental NgbCO crystal structure becomes the more
stable conﬁguration in the simulated crystal, with a free en-
ergy value ;1 kJ/mol less than the other minimum. In solu-
tion, however, such a position was;5 kJ/mol less stable with
respect to the sameminimum. Therefore, the heme position at
0.3 A˚ (Fig. 3) undergoes a stabilization in moving from so-
lution to the crystal, which is in agreement with diffraction
FIGURE 4 Heme displacement distri-
butions along its ﬁrst essential eigenvec-
tor in the carboxy Ngb crystal. The
distributions are shown for each protein
molecule in the crystal unit cell (1–18).
The vertical lines represent the principal
conﬁgurations detected in the crystal
(dashed line) and in solution (dotted
lines).
FIGURE 5 Distribution of the projection onto the CD corner ﬁrst essential
eigenvector for carboxy Ngb in the crystal (lower panel) and in solution
(upper panel). The distribution corresponding to the distal His64(E7)
‘‘closed’’ (solid line) or ‘‘open’’ (dashed line) conﬁgurations are shown.
The value corresponding to the experimental CD corner position in carboxy
Ngb (0.20 nm) is indicated by a vertical bar.
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data. Furthermore, in the crystal, we observed that the CD
corner was almost ‘‘frozen’’ in the position observed in the
crystal, whereas in solution it underwent a signiﬁcant ﬂip-ﬂop
displacement between two distinct conﬁgurations. We have
tentatively assigned the functional signiﬁcance of this ﬁnding to
the binding of Ngb to the a-subunit of the Gabg protein (11).
The analysis of the CD corner interactions clearly shows
that its mobility and prevailing conﬁguration is restrained due
to the crystal packing. Although we did not perform any tests
on the force ﬁeld parameters used in the simulation, the close
packing that we observed seems to exclude any effect due to
the force ﬁeld. A different conﬁguration of the CD corner
might be experimentally observed if Ngb were crystallized in
a different space group.
These results show that, although crystallography and MD
simulations in solution yield, as expected, almost the same
description of the NgbCO structural behavior, some clear-cut
FIGURE 6 Distribution of the projec-
tion onto the CD corner ﬁrst essential
eigenvector for each protein molecule in
the crystal unit cell (1–18). The vertical
dashed lines represent the projection
values corresponding to the CD corner
conﬁgurations detected in solution (a
and b) and in the crystal structure (c).
TABLE 1 Residues involved in the contacts between the
reference CD corner and the neighbor protein molecules in
Ngb crystal unit cell (also see Fig. 7)
CD corner Protein A Protein B Protein C
Pro36 Ala33, Leu34
Ser37 Leu34, Thr108
Pro40 Leu34, Glu111
Leu41 Glu111
Gly46 Glu118, Arg130
Arg47 Glu118
Gln48 Arg30, Glu111, Leu114,
Tyr115, Glu118
Ser50 Arg30 Ser50, Ser51,
Glu53, Asp54
Ser51 Ser50, Ser51
Glu53 Ser50 Ala29, Arg30,
Ala33, Tyr115
Asp54 Ser50 Lys119
Leu56 Thr25, Val26,
Ala29
Ser57 Val26, Lys119
FIGURE 7 CD corner interactions in the crystal unit cell. The CD corner
(indicated by X) is surrounded by three symmetry-related protein molecules
(marked by A, B, and C) whose positions correspond to as many symmetry
transformations (see text). The protein ‘‘A’’ interacts with the CD corner
through the helices G and H and the BC loop, the protein ‘‘B’’ through the
CD loop, and the protein ‘‘C’’ through the helices B and G.
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differences can be detected. In the case of Ngb, the motions
observed by MD in solution and not seen in the crystallo-
graphic data are not negligible, given that the relevant con-
formational changes may be a crucial component of the
neuroprotective role of Ngb (11,14). The results suggest that
the structural features that were not detected in the crystal
were probably restrained by the pattern of contacts with other
Ngb molecules in the lattice (Table 1 and Fig. 7), which re-
duce the mobility of speciﬁc parts of the protein surface.
Recently, high-resolution x-ray diffraction data onmyoglobin
showed a substantial conformational variance in protein pe-
ripheral regions by comparing the crystal structures obtained
for different space groups (26). These data suggest that dis-
tinct packing arrangements may select part of the conﬁgura-
tions that are representative of the protein ensemble in
solution. It may be advisable, therefore, to solve several dif-
ferent crystal forms to have a more complete view of the
dynamics of a structure, although this approach may be either
impossible or very demanding. Hence, MD simulations can
be effectively used to explore the behavior of a protein in
different environments and, combined with x-ray measure-
ments and other experimental techniques, can provide a more
complete description of protein structural dynamics.
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